This paper describes the development of models to simulate the process of Concept Design Evaluation. The models are an amalgam of a number of statistically based methods and approaches taken from the probability, reliability, and quality domains. They assume that designers use decomposition of design to undertake evaluation at design characteristic level with the total design evaluation being achieved, in some way, via recomposition. The models described in this paper attempt to describe how designers may perform recomposition and hence total design evaluation. It is argued that the ability to model this human activity is important for the future development of knowledge-based design tools.
INTRODUCTION
There is a recognition that design evaluation activity is not understood (Taylor & Ben, 1993) . However, it is accepted that at regular intervals within the design process it is necessary for the state of the design solution to be evaluated. For the purposes of this paper design evaluation may be defined as:
"the process of trying to determine the results of prior decisions, via analysis, in terms of the design constraints and to provide knowledge and information to enable future decisions. It involves, particularly during the conceptual phase, both the identification of the present state of the design with respect to the desired final state and also the ability to forecast, or predict, the likelihood of the design progressing from its present state to the next identifiable state or to the final desired state, within defined time scales, given knowledge of resources and abilities" (Green, 1994) .
The past two decades have seen a recognition of the importance of the evaluation activity to the success of the design process with a number of complementary research Reprint requests to: Dr. Graham Green, Department of Mechanical Engineering, James Watt Building, University of Glasgow, Glasgow, G12 8QQ, U.K. Phone: 0141 3304071; Fax: 0141 3304343; E-mail: g.green® mech.gla.co.uk approaches emerging within diverse design domains. Initial research work sought to take a total product view of evaluation that produced, among others, an approach or method to allow a systematic and controlled evaluation and selection of concepts (Pugh, 1991) . The methods used within the design selection approach have been implemented within a spreadsheet (Hurst, 1990) .
A useful classification of general evaluation methods has been suggested (Bjarnemo & Akesson, 1983; Bjarnemo, 1994) along with a proposal for an integrated evaluation procedure. The evaluation procedure is seen to consist of the integration of a number of methods applied at various phases of the design process.
The manufacturing domain has been prominent in researching the evaluation activity for a number of reasons. First, there is an awareness of the need for the design process to match the advances occurring in manufacturing technology to ensure that the maximum benefits are realized (Shah et al., 1990) . Second, it is also accepted that there has to be a right first-time approach adopted within design to minimize the number of deficiencies discovered at the fabrication stage. One significant outcome from this research activity has been the development of a framework for the evaluation of design concepts early in the design process through the use of a set of generalized manufacturability indices (GMI) (Jansson et al., 1990) . Some researchers have attempted to propose methods for the evaluation of design concepts that incorporate qualitative attributes. Drawing principally on established decision theory, Maher (1989) con-G. Green siders evaluation using multicriteria during the synthesis and evaluation of preliminary designs and their implementation within an expert system (EDESYN). Others (Hyde & Stauffer, 1990 ) have looked at the reliability of measures used to evaluate qualitative attributes such as quality. Thurston (1990) even presents a formal methodology entitled "Methodology for the Evaluation of Design Alternatives" (MEDA), using deterministic multiattribute utility analysis to compare the overall utility of an alternative design as a function of selected performance characteristics. More recently, Chen and Lee (1993) have proposed a qualitative programming method (QPM), which seeks to allow qualitative information, obtained during the conceptual design stage of engineering design, to be incorporated within the numerical design optimization process.
Further, research has attempted to provide a means of unifying design life cycle issues (Ishii et al., 1988 (Ishii et al., , 1989 . Design compatibility analysis (DCA) is claimed to focus on the compatibility between the design specification and the proposed design and allows evaluation of the design based on the compatibility knowledge of experts. It draws from the field of artificial intelligence through knowledge-based tools that are seen to promote the aims of simultaneous engineering. DCA uses the theory of fuzzy measure to quantify the compatibility evaluation, termed the match index (MI), of the design with the requirements within the design specification. Esterline and Kota (1992) use the concept of discretization of design space to make an initial design selection (IDS) of prior designs using specification matching to direct redesign with evaluation and iteration.
Although the above work deals to some extent with the nature of the evaluation of individual characteristics, it does not adequately deal with the problem of how designers combine measures of the value of individual characteristics into an evaluation of the total design. The models presented in the next section of this paper deal with this concern by building on the above work dealing with the evaluation of individual characteristics and drawing on methods from the reliability domain to provide a basis for describing how designers may achieve total design evaluation. To illustrate the application of the models, an example of the concept design and evaluation of an automobile horn will be used throughout the text. This example is developed from an example previously described by Kupparju et al. (1985) .
MODEL DEVELOPMENT
The models described in this paper take as fundamental the idea of a subdivision of design space. That is, for a given design domain, the associated design characteristics (Dch) allow all associated specifications and models to be described in terms of the values of the characteristics. A product design specification (PDS) can, in turn, be viewed as comprising a set of Dch's. This can be seen in the following example of a PDS guiding the conceptual design of an automobile horn. To be capable of being applied to all types of modern automobiles.
Notations used in text
To be appropriate for mass production.
To be able to produce noise levels of 105-125 dBA.
To be able to produce noise frequency of 2-5 kHz.
To be easily installed.
To be easily maintained.
To weigh no more than 5 N, ideally to be minimized.
To be resistant to corrosion and water ingress.
To be resistant to extremes of temperature.
To be resistant to shock, vibration, and acceleration.
Minimum overall dimensions preferred.
Life in service to be no less than 4 years.
Minimum manufacturing cost preferred.
Minimum number of parts.
Power consumption to be minimized.
Minimum response time.
To be maintenance free within defined life in service. These Dch's can then be visualized as being the dimensions of the design space that is subdivided into a finite number of cells each containing a potential model of a design solution. Clearly the dimensions of the design space can be extremely variable depending upon the complexity of the design task. In most engineering design domains, the number of Dch's is large and needs to be reduced to allow manageable searching through the design space for suitable models. One approach, as used by Esterline and Kota (1992) in their IDS system, is first to identify certain critical char-acteristics that must be satisfied if the design is to be acceptable. The critical characteristics can then be eliminated from further consideration. A Dch may be considered to be a critical design characteristic (Dcch) and defined as any design characteristic that must be fully satisfied if a design option is to progress further in the design process. That is, drawing on the terminology used in the reliability domain, the combination of Dcch's can be modelled as a series system implying that all Dcch's must be satisfied or the design may be considered to be unacceptable. The combination of a number of Dch's is termed a design factor (Df) by Esterline and Kota and will be used throughout this paper. This is illustrated in Figure 1 .
In complex design situations it may be necessary to address the nature of the combination of a number of Df's; this situation is also illustrated in Figure 1 . A hierarchy of interactive levels emerges resulting in Df's combining into a design solution (Ds). In designs of low complexity, a Ds may be a glorified Df.
Now continuing with consideration of the mode of Dch interaction, a Df may comprise a number of Dch's that are not considered critical and may not all have to be fully satisfied for a design to be judged acceptable. In this case, if we follow the logic block diagram approach developed above, the relationship between the Dch's may be modelled in parallel as shown in Df2 of Figure 2 . In the reliability domain this would be considered as a "minimal cut-set," but in this context it is defined as: "An identified group of characteristics that contribute to a design factor and allow the design option to progress in the design process as long as one of the characteristics is within specification or if the combined conformance to specification is above a defined threshold level (Green, 1994) ." This approach permits temporary out-of-specification situations to be identified and tolerated within time limits. Further, the relative importance of each characteristic, usually defined within traditional evaluation methods by an individual weighting, can be seen to be inappropriate when the interaction of design characteristics takes place. A more acceptable and logical approach is to define the importance or criticality of each characteristic in terms of the degree of match with the design specification target levels. Clearly, a combination of the two modes of Dch interaction outlined in the above situations may also exist, as shown in Df3 of Figure 2 .
In the next section two models describing the quantitative evaluation of individual Dch's are introduced. This is followed in the subsequent section with the two models being developed to describe the logical interaction of Dch's leading to total design evaluation.
Model 1
Let us assume that each Dch has a variable design characteristic target (DchT) value associated with it ( Figure 3) . For an acceptable design, the DchT can have minimum (min r ) and maximum (max r ) limits set for an allowable or desirable range of values. These limits may well be defined within the associated product design specification. During the conceptual design phase, it is difficult to conceive of an ideal target level for a particular characteristic but rather this should be identified as knowledge and information increase. However, there are also likely to be Dcch's that are totally deterministic even at the earliest stages of design. This is more likely with routine design activities but should not be assumed to exclude innovative design situations.
Given the earlier assumption of decomposition, it is necessary to judge the likelihood that a given conceptual design option will exhibit a particular design characteristic estimated (DchE) value that will fall within the DchT limits. Given the uncertainty of forecasting the ultimate value of a particular Dch, at the conceptual phase it can be best described in the form of a probability density function (pdf). 
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We begin by recognizing that, in the earliest stages of conceptual design, it is often only possible to set desirable limits for a particular Dch. It may also be impossible to provide a preference for any particular value falling within the desired range. Equally, the designer may only have enough information at this stage to evaluate that the proposed design will exhibit a range of values for a particular Dch. Both of these observations suggest that the designer judges that there is an equal probability of occurrence of each value within the limited range. The result is a uniform distribution as illustrated in Figure 4 . Now, the probability that the estimated value of the proposed design will fall within the desired limits is given by:
(1)
In the particular case of a uniform distribution, the probability of interaction is given by:
Model 2
Model 1 describes the uncertainty that can exist, due to the lack of information, at the earliest stages of the design process. As the information surrounding the proposed design becomes richer, the designer may be able to target specific values of Dch's or may be more able to evaluate the probability of any particular value within a range being achieved by a proposed design. We are therefore moving toward the situation illustrated in Figure 5 .
In this situation, the degree of separation or overlap of the design characteristic target distribution [DchT(t;)] and the design characteristic estimate distribution [DchE(u)] can be described by the following well-known relationship, taken from the reliability domain: This can be termed the design margin and be designated as DM. As the degree of matching increases, the value of DM will tend to zero. This expression effectively represents the inverse of the coefficient of variance with the resultant mean and standard deviation from the subtraction of the DchT(u) and the DchE(u) distributions. It thus allows for deterministic values in combination with distributed values and provides a measure of the separation of both. It therefore provides a means to quantify the extent to which a particular desired Dch is judged to be satisfied by a candidate design. This model represents the product of the joint probabilities of the DchE and the DchT falling within each other's target limits. The assumption here is that the probability of overlap of each design characteristic is statistically independent of the others and therefore effectively models the interaction as if it were a simple series system. Further, for a collection of noncritical design characteristics, the above may be modified to accommodate modelling these characteristics in parallel, thus allowing the application of the previous notion of considering minimal cut-sets combining to form a design factor:
Modelling the Interaction of Design
That is, the product of the probabilities that the target values specified for each design characteristic will not be met. If a number of minimal cut-sets are considered to exist when modelling a particular conceptual design option, then, once more drawing on practice in the reliability domain, each minimal cut-set may be combined as follows:
The limitations of the basis of the above model require that certain limits have to be placed on allowable values entered into the equation. These are as follows:
• A value of 1 will be entered in place of a negative value.
• A value of zero will be accepted in the case of an overlap of one or two deterministic values.
These arrangements permit the output of the model to indicate that the concept design with the greatest extent of overlap is indicated by the smallest value. This allows direct comparison with the DM model. Once again, as the design process moves further through the conceptual phase and where information increases or where deterministic values emerge, the following DM model may be more appropriate:
This model represents the summation of all of the individual DM's and provides a measure for a Df. It is clear that as the individual Dch's are satisfied then this summation will tend to zero. It is also clear that the above models, measuring the values of Df's, can be simply extended to describe the combination of Df's into a Ds.
The application of the above models and an indication of their effectiveness can be gained from the following example. The scenario is that five conceptual designs (Fig. 6 ) have been produced with a view to satisfying the previously itemized PDS for an automobile horn. An experienced design engineer has been asked to evaluate all five designs using a number of design characteristics of his choice, but drawn from the PDS. The resultant list is given in Table 1 . The design engineer is free to determine the units used in the evaluation of each characteristic but must adhere to target levels set in the PDS. If target values and measurement units are not available in the PDS, a subjective l-to-5 scale can be used with 5 representing a preferred value (Hyde & Stauffer, 1990) . Table 1 summarizes the results of the evaluation activity that culminates with the design engineer indicating a declared preference for one of the concepts. In this case the declared preference is for concept 4. This process would be repeated for a number of experts with their resultant raw data being entered into the theoretical models developed in Section 2. This example uses the DchT and DchE interactive model described by Eq. (2) and, in turn, the Dcch recomposition model described by Eq. (7). The results are illustrated by the graph shown in Figure 7 . This indicates that once the individual DMs are calculated and summed, concept 4 is shown to have the lowest value rating, indicating the highest degree of match with the desired design characteristics enshrined within the PDS. 4. CONCLUSION This paper has presented the synthesis of a domainindependent methodology permitting concept design evaluation. It was shown how methods drawn from the probability and reliability domains could be developed to describe evaluation of design during the conceptual phase of the engineering design process. The described models permit the comparison of estimated design characteristic values with target values in a way that allows designers to obtain a measure of the quality of their ideas. Indeed, the models provide a basis for modelling the interaction and interdependence of design characteristics. Recording these measures as a design progresses through each phase of the design process provides a capacity for traceability of design decision making as well as a measure of the effectiveness of the decisions. If this is the case then, not only would designers be provided with an aid to evaluate the extent to which their proposed designs met the desired product design specifications, but also the means to revisit their design activity and see the effectiveness of their design decision making at what has been acknowledged as the most critical phase of the design process.
Initial testing of the above models, using novice (student) designers as well as experienced designers has indicated that the novices, with the aid of the models, could begin to match the evaluative judgements of experts. The experimental procedure will be reported elsewhere. These initial tentative findings point to the potential of the models to enhance the capability of novice designers and provide advisory support to experienced designers.
Future work involves comparison of the methodology described here with other current evaluation methods. Initially this testing will take place within a controlled experimental environment and then within an industrial setting. This work will be enabled by the implementation of an evaluation methodology within the computer-based Glasgow Utility for the Integration of Design (GUIDE) (Tsiotsias, 1994) . GUIDE currently uses the methods of knowledge engineering to secure a basis for design by a multidisciplinary team, the membership of which may be distributed and vary as the design emerges through successive design phases. The combination of an evaluation model and GUIDE would pro- vide a facility to measure design efficiency and productivity as well as enabling auditing of the design process in general. Thus, a traceable method is made available that indicates the current state of a design and yet can provide data regarding how the state of the design or a characteristic was judged to have changed throughout the design process.
